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Abstract 
International attention has been considerably paid for the technology of CO2 capture and storage (CCS) these days because of 
global warming. In line with the fact that carbon dioxide capture and storage (CCS) technology has been regarded as one of the 
most promising option to mitigate the climate change and global warming, we have started a 10-year R&D project on CO2 
storage in marine geological structure. We carried out relevant studies, which cover the initial survey of potentially suitable 
marine geological structure for CO2 storage site, monitoring of the stored CO2 behavior, basic design for CO2 transport and 
storage process including onshore/offshore plant and assessment of potential environmental risk related to CO2 leakage in storage 
site. The purpose of this paper is to model and simulate a CO2 flow and its heat transfer characteristics in a storage site for more 
accurate evaluation of the safety of CO2 storage process. 
Among CCS technologies, the prediction of CO2 behavior in underground is very critical for CO2 storage design with safety. As a 
part of the storage design, a micro pore-scale model was developed to mimic real porous structure and CFD (computational fluid 
dynamics) was applied to calculate the CO2 flow and thermal fields in the micro pore-scale porous structure. Varying CO2 
injection conditions, the behavior of the CO2 flow was calculated. Especially, physical conditions such as temperature and 
pressure were set up equivalent to the underground condition at which the CO2 fluid was injected. From the results, the 
characteristics of the flow and thermal fields of CO2 were scrutinized and the influence of CO2 injection condition on the flow 
was investigated in the micro pore-scale porous structure.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Recently the global warming of the earth becomes more and more serious, hence the green technologies for 
obtaining heat and power with very low or zero carbon dioxide emission are intensively investigated such as bio-
fuels, wind and solar powers, etc. Among them, international attention also has been considerably paid for the 
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technology of CO2 capture and storage (CCS) these days [1-4]. On the other hand, the fracture of the geological 
formation or CO2 leakage from its injection area can bring serious problem. Hence, for the commercialization of 
CCS, one of the most important design considerations is to obtain a precise prediction for the movement and leakage 
of CO2 from its onshore/offshore geological storage layer. And also, for the optimal design of CO2 injection and 
sequestration process in an oil/gas field or aquifer, the analysis techniques for CO2 behaviour are necessary. For 
these goals, numerical simulation methods can be one of the solutions for predicting the multiphase flow and 
thermal characteristics of CO2 in oil/gas field or aquifer near critical temperature and pressure conditions. Until now, 
for the prediction and simulation techniques, simple numerical methods using Darcy’s law have been widely known 
and adopted in many previous works [5]. On the other hand, for molecular level simulation, Lattice Boltzmann (LB) 
method also has been developed in the field of earth science [6, 7]. However, the application of the numerical study 
using computational fluid dynamics (CFD) is very rare in spite of its moderate applicability for predicting CO2 
behaviour with increased accuracy and low computational cost comparing with Darcy’s law and Lattice Boltzmann 
methods, respectively. Hence, in the present study, CFD is applied for calculating CO2 thermal hydraulic behaviour 
in a micro-porous media representing a storage layer inside a rock structure. To replicate the real porous structure of 
the storage layer, a micro pore-scale modelling was applied for making the computational domain and the micro 
pore-scale model consisted of a pore-hole which was surrounded by grains and connected to other pore-holes. A 
three dimensional computational grid was developed and tested for the simulation of CO2 flow through the micro 
pore-scale model. Near critical pressure and temperature conditions for CO2, the evolution of the CO2 flow and 
thermal fields was investigated varying the injection conditions. In the present numerical simulation, the 
characteristics of the stored CO2 in a porous media were scrutinized and this will be very helpful for designing 
optimal CO2 injection and sequestration system. 
 
2. Numerical Procedure 
2.1. Governing equations 
The continuity and momentum conservation equations adopted in the present study are expressed as follows for 
the incompressible fluids:  
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here iu , p  and ij are velocity, pressure and viscous stress tensor, respectively. The stress tensor ij  is defined as 
ijkkijij xuS 		 )/()3/2(2  and Sij is the rate of strain tensor defined as )//(5.0 ijjiij xuxuS  .  
 
The energy equation to represent the evolution of a passive scalar, heat, is expressed as follows: 
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where T is temperature, c is the fluid specific heat and k is the fluid conductivity. For the spatial discretization 
of Eqs. (1)-(3), the second-order UPWIND scheme is used. To avoid the pressure-velocity decoupling, SIMPLE 
algorithm is used. In the present study, an unstructured grid system is adopted using polyhedral meshes, and to solve 
the Eqs. (1)-(3), STAR-CCM+3.04 is used [8]. Before conducting main calculation, a flow through a lattice flow cell 
model is computed to evaluate the present numerical methods. The comparison of pressure difference is carried out 
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with increasing inlet Reynolds number in a flow cell. From the results, the present calculation followed well with the 
result of Mazaheri et al. [9] and this indirectly shows the validity of the present calculation [10]. 
 
 
Figure 1 Micro pore-scale structure surrounded by grains for unit computational domain. 
The left picture of Fig.1 shows a micro pore-scale structure and right picture represents the whole structure 
surrounded by grains. In the figure, a grain has sphere shape and a hexagonal lattice is formed including 8 grains for 
simplicity. Among grains, a micro-pore structure is located and through this fluid can be movable among grains. For 
the dimension of the micro pore-scale structure, the diameter of the grain is 200	m and the gap among grains is 
20	m. For reference, this simple model will be developed to a complicated model in the future study because 
random packing and irregular sizes of the grains are more realistic for the structure of a rock or sandstone. Fig. 2 
shows the computational domain and computational grid configuration for continuous micro pore-scale structures 
using the unit pore of Fig. 1. In Fig. 2, the computational domain consists of 22 unit pores toward the streamwise 
direction.  
 
 
Figure 2 Grid allocation and flow and thermal boundary condition. 
For the flow boundary conditions, Dirichlet and Neumann boundary conditions are applied to inlet and 
outlet of the CO2 flow, respectively to simulate the CO2 injection into the underground. For wall boundary 
conditions, no-slip condition is adopted, and a symmetry condition is used for the spanwise and transverse 
directions. For the thermal boundary conditions, an isothermal condition is adopted for the walls and walls are 
heated by higher temperature. For the inlet and outlet temperature of the flow, Dirichlet and Neumann boundary 
conditions are used, respectively. The detailed boundary conditions are represented at Table 1. For the grid 
allocation, unstructured grids with polyhedral meshes are applied and the grid number is carefully chosen as 
146,436. The Reynolds number is calculated using the inlet velocity and hydraulic diameter as Reinlet=UinletDh/ and 
is changed from Reinlet = 100 to Reinlet = 1000 as shown in Table 1. For reference, the physical conditions of Table 1 
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represent the supercritical phase of CO2 corresponding to the depth of the underground where the injection takes 
place. In the present study, variation of physical properties of CO2 is considered as in Fig. 3 such as density, specific 
heat, conductivity, and viscosity of CO2 . It is noted that the change of the physical properties is very noticeable even 
if the temperature is changed in order of 10K. This may affect the CO2 flow and final thermal fields and has to be 
considered. 
 
 
 
 
 
Figure 3 CO2 fluid properties for its supercritical condition (ambient pressure at 100 bar). 
 
Table1 Computational conditions 
 
Case Physical 
Properties 
Tinlet (K) Twall (K) Reinlet 
1 constant 313 332 100 
2 variable 313 332 100 
3 constant 313 332 500 
4 variable 313 332 500 
5 constant 313 332 1000 
6 variable 313 332 1000 
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3. Results and Discussion 
Fig.4 shows the CO2 flow and thermal fields in the micro pore-scale structure model for case2, which are the 
simulation results of CO2 injection into the storage material. For reference, the picture is taken at the middle of the 
streamwise direction in the micro pore-scale structure model as shown in Fig.2. Fig.4 (a) shows streamwise velocity 
contours on (y,z) cross-sectional plane at x=0.0. In Fig. 4 (a), the magnitude of the streamwise velocity is larger in 
the core part of the pore structure and the magnitude is smaller in the upper and lower converging regions between 
grains. Hence, the temperature is higher at the region near the grain wall because of lower flow convection effect 
compared with the core region. Figs. 4(c) and (d) show the skin friction coefficient and wall Nusselt number, 
respectively and they are defined as follows. The skin friction coefficient is defined as Cf=w/(0.5Ub2). Herew is 
wall shear stress and Ub is bulk mean velocity. The wall Nusselt number is Nu=q”Db/k(Twall - Tb). The q” is the 
normal heat flux from the wall, and Twall and Tb are wall temperature and bulk mean temperature, respectively. In 
Figs.4 (c) and 4(d), the higher regions of the skin friction coefficient and Nusselt number are located in the up-slope 
part of the grain surface owing to flow acceleration by the contraction of the flow passage. However, it should be 
noted that a vortical flow structure plays an important role for the momentum and the consequent heat transfer in 
those regions and this will be discussed in the following figures. 
 
(a) Streamwise velocity                                     (b) Temperature 
(c)  Skin friction coefficient                                              (d) Wall Nusselt number 
Figure 4 Flow and thermal fields in the micro pore-scale structure for case2 
 
Figs.5 and 6 show the contours of streamwise velocity and temperature on (y,z) cross-sectional plane at 
x=5.0 Ƿ10-5. As increasing Reynolds number, the magnitude of the streamwise velocity is increased in the core 
region of the micro pore structure in the order from case2 to case6. Accordingly, temperature is decreased in the 
core region by rapid heat convection with increasing Reynolds number and temperature gradient becomes steep near 
the up-slope part of the grain wall. This means that the wall heat transfer intensively occurs in that region.  
(a) Case2      (b) Case4      (c) Case6 
Figure 5 Contours of streamwise velocity with increasing Reynolds number 
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(a) Case2      (b) Case4      (c) Case6 
Figure 6 Contours of temperature with increasing Reynolds number 
As a result, the higher region of wall Nusselt number is located in the up-slope region of the grain wall 
surface in Fig. 7. It is interesting that with increasing Reynolds number the position of highest wall Nusselt number 
is moved toward the negative x-direction and this can be explained by special flow vortical structure. Fig. 8 shows 
the contours of wall Nusselt number and iso-surface of 2 value. Here, negative 2 method is used to capture a 
vortical flow region as proposed by Jeong and Hussain [11] and Jeong et al. [12] and applied by Choi and Suzuki 
[13, 14] in the LES study of turbulent heat transfer from a wavy wall. The clockwise-rotating vortex is generated in 
the lower part of Fig.8(b) and these kinds of vortices are located at the small space between the grains. These 
vortices are connected to each other following the circumferential direction of the micro pore like a donut shape. 
The vortical structure is remarkably changed as the Reynolds number is increased and shows typical heat transfer 
pattern as discussed in Fig.7. The vortex structure shown in Fig.8 (b) is stretched further to the up-slope region of 
the grain surface with increasing Reynolds number [10]. Around the vortex structure, a flow recirculation region is 
generated and the flow recirculation pushes the cold fluids of the core region into the hot wall resulting in steep 
temperature gradient near the wall. The steep temperature gradient makes the higher heat transfer rate there. For 
reference, the simulations for constant and variable fluid properties are compared in Fig.8. In this case, all 
calculation conditions are same except for the fluid physical properties as shown in Table 1. In the Fig.8(a), the 
vortical structure is not so strong as that of case6 and this affects the final heat transfer characteristics. Hence, the 
maximum position of the wall Nusselt number and its magnitude are clearly different between two cases. This 
implies that the considerations of variable fluid properties are very important to simulate the CO2 injection in a 
storage place and final design of CO2 injection process for safety. Now, this will be discussed more in detail with 6 
calculation cases of Table 1. 
(a) Case2      (b) Case4      (c) Case6 
Figure 7 Contours of wall Nusselt number with increasing Reynolds number 
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(a) Case5       (b) Case6 
Figure 8 Flow vortical structures between two different calculation conditions 
. (a)  Friction factor    (b) Wall Nusselt number 
Figure 9 Volume-averaged friction factor and wall Nusselt number 
 
Fig.9 shows the volume-averaged friction factor and wall Nusselt number for 6 different cases in Table 1. 
Here, a friction factor is defined as f=(2p)/(UbL) and p is pressure difference between inlet and outlet and L is 
the streamwise length of the pore structure. With increasing flow Reynolds number, the friction factor and wall 
Nusselt number are increased for both constant and variable property cases. But, the magnitudes of momentum and 
heat transport are larger in variable property cases. It is noted that the wall Nusselt number is more affected by the 
property change than friction factor.  
 
4. Summary and Conclusion 
In the present study, a micro pore-scale structure model is devised to investigate the characteristics of heat and 
momentum transfer in a CO2 flow through porous media. In the micro pore-scale structure model, computational 
fluid dynamics is applied for the flow and thermal fields. Near critical pressure and temperature conditions for CO2, 
the evolutions of the CO2 flow and thermal fields are investigated varying the injection conditions as well as 
physical properties. From the results, especially, a vortical flow structure is found and this influences the momentum 
and heat transfer near the grain wall. Furthermore, it is stretched to the up-slope region of the grain surface with 
increasing Reynolds number. Around the vortex structure, a flow recirculation region is generated and the flow 
recirculation pushes the cold fluids of the core region into the hot wall resulting in steep temperature gradient near 
the wall. The steep temperature gradient makes the higher heat transfer rate there. These peculiar vortex structures 
make the different heat transfer characteristics, namely different wall Nusselt number distributions. In the present 
study, variable physical properties for CO2 are considered and compared with constant case. For the constant 
property case, the vortical structure is not so strong as that of variable property case at the same computational 
condition. This affects the consequent heat transfer characteristics and finally the maximum position of the wall 
Nusselt number and its magnitude are clearly different between two cases. This implies that the considerations of 
variable fluid properties are very important for simulating the CO2 injection in a storage place for the purpose of the 
design of CO2 injection process with high fidelity and safety. In the present study, the flow and heat transfer 
characteristics of the CO2 are scrutinized, and the more sophisticated pore-scale model will be developed and 
applied to the future study. 
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